We have investigated femtosecond multi-filamentation process in a mixture of gases controlling the concentration of atoms versus molecules in the gas cell. The experimental results show that this control could provide a new freedom degree to deterministic spatial distribution control of the multiple filaments. Our simulation indicates surprisingly that only difference of the gases nonlinearity (referred to as "synthesised nonlinearity") is sufficient to be responsible for this control. This study opens the way to provide few-cycle pulses spatial distributed source for spatially encoded measurements and experiments.
Introduction
In filamentation experiments involving the propagation of high-power ultrashort laser pulses in transparent media, it is now well-known that when the input beam power exceeds several times the critical power for self-focusing (P cr ), the transverse spatial beam profile breaks up into multiple filaments (MF). For high input powers corresponding to hundred's times P cr , it has been demonstrated theoretically by Bespalov and Talanov [1] that MF originate from initial random noise in the input beam profile. For input powers of few P cr , commonly used now for post-compression of IR laser pulses [2] [3] [4] [5] and possibly extendible to mid-IR laser pulse [6, 7] , this initial random noise induces first a collaps as a single filament (SF) and after small propagation distance could break up into MF. In this regime the random noise induces only stochastic distribution of the transverse spatial beam profile that depends on each laser shot, minimising possible applications of such laser beam distribution. However, since many years, G. Fibich, B. Ilan and coworkers [8] as well as A. Couairon and co-workers [9] addressed the question of modelling the MF in a deterministic regime and demonstrated theoretically its origin as breakup of initial beam cylindrical symmetry resulting from vectorial effect. This can be achieved experimentally modifying the characteristics of the input beam using super gaussian and elliptical spatial profiles [10] , circular polarisation [11] [12] [13] , astigmatic beams [8] or amplitude and phase masks [14, 15] . In our recent work [13] we notice in linear polarisation a clear difference between the atomic and the molecular MF transverse spatial distribution. To explain the spatial distribution difference observed, we proposed an initial hypothesis based on additionnal anisotropy in the molecular compared to the atomic response. To clarify this point and to investigate a new method for deterministic spatial MF control, we present in this article a study on the MF spatial distribution controlling the concentration of mixture of gases composed of atoms (Argon) and molecules (Nitrogen) with equivalent ionisation level (I p ) to undergo the same ionisation process , different nonlinear index (n 2 (N 2 ) = 2.3 × 10 −19 cm 2 /W ; n 2 (Ar) = 1.74 × 10 −19 cm 2 /W ) and ionisation cross section (at 800 nm and for multiphoton ionisation K=11, σ (N 2 ) = 6.31 × 10 −140 s −1 cm 2K W K ; σ (Ar) = 6.0 × 10 −140 s −1 cm 2K W K [16] [17] [18] ) that lead to comparable electron density ρ. This choice will allow us to identify if the nonlinearity could be responsible for the different MF distribution observed [13] .
In this article we demonstrate a control on double femtosecond filamentation spatial distribution providing a new manner to control deterministic MF. The measurement of super continuum from pulses propagating through each filaments channel shows the capability of deterministic MF spatial distribution controlled by gas mixture to provide source of few-cycle pulses spatially distributed. Such source could be applied to spatially encoded measurements such as SEA-SPIDER [19] [20] [21] and its XUV version using High-order harmonic generation, XUV-SEA-SPIDER [22] . This source will also be quite useful to explore new High-order harmonic schemes such as transient gratings [23] or method for cut-off frequency extension using two few-cycle laser pulses of same colour [24] .
Experiment and results
We defined for our experiment the concentration of gas mixture composed of argon atoms and nitrogen molecules as the ratio of atomic and molecular moles in the interaction volume. For its description we considered equation of state following the Van der Waals law for both gases species (Van der Waals constants specific of each gas are used). The Van der Waals equation can be analytically inverted thus obtaining the number of moles as a function of the gas pressure of each species used. Controlling the partial pressures of each gas in our set-up allowed to control the concentration of atom versus molecule applying the Dalton's law for the total pressure definition. The Dalton's law is used considering that in our experiment no pressure gradient has been used [25] but static pressure in the cell target so that the total pressure is uniform over the propagation length with local thermal equilibrium. We generate filaments using a few-mJ linearly polarised 35 fs IR pulses source at a repetition rate of 10 Hz from our laser system (Amplitude Inc.) that provides average power up to the TW level. The laser beam is focused with a spherical silver mirror (Radius of Curvature ROC -3000 mm) into a gas cell of 2 m long filled with the mixture of gases and the output beam is then collimated. A set of chirped mirrors is used to compress the output pulse over the large bandwidth generated through self-phase modulation along the filament. The gas cell is filled with a mixture of two gases species: argon (atomic) and nitrogen (molecular) at different partial pressures. The concentration of the gas mixture is gradually changed from 100 % nitrogen (gas target composed only of molecules) to 100% argon (gas target without molecules). For each measurement, the cell is filled at the partial pressures needed. During all the measurement the total pressure in the cell is maintained. The cell is then pumped in between each partial pressure setting. As a reference, we first generate a SF using an input energy of 4.8 mJ and a total pressure of 980 mbar in pure argon cell target. Then, by increasing the pressure in the cell up to 1400 mbar, we induce double filaments transverse spatial distribution in pure argon cell target. In both experiments, we study the spatial profile evolution with the gas concentration. We also measured the spectral distribution and the output energy in a spatially selected child-filament, as explained below, to check that a continuum was generated and to compare energy under each configuration for a given childfilament.
In the SF regime as shown in the Fig. 1(a) , the spatial distribution is not dramatically affected by the concentration of the gas target. This measurement is taken as reference since the filament formation remains unchanged and is compared to the behaviour of MF with the concentration. The SF mode presents a broad spectra corresponding to a 13 fs pulse (compress factor of ∼ 3) measured by SPIDER [26] containing ∼ 600μJ for the pure nitrogen target case (inner core selection [4] ). The evolution of the spectrum in the SF inner core with respect to the concentration of gas is shown in Fig. 2(a) . For each concentration the output energy as well as the central frequency (centroid of the spectral distribution) has been measured and listed in the figure. The spectrum is getting slightly narrower from the pure molecular to the pure atomic target due to different nonlinearity and Raman emission in the molecular case and it follow the increase of energy throughput. Indeed, the diameter of the output selection is kept to 3 mm (inner core selection). of molecules/ atoms in the cell target. In the case of pure nitrogen target and pure argon target the orientation of the double filamentation is quasi-symmetrical in the transverse plane and has been already observed in our previous work [13] where we also noticed that this particular distribution was independent on the polarisation state of the input beam. In our experiment the MF orientation in the pure argon cell target, is determined by an elliptical spatial beam profile that breaks the cylindrical symmetry in the transverse plane to the propagation axis. The MF profiles are shown in Fig. 1b , exhibiting a double filament distribution that is clearly dependent on the concentration of the gas target. Note that we decided to reduce our study to double filament which corresponds to the ideal source for spatially encoded interferometry measurements. Indeed while a double filament is generated in pure argon target to a pure nitrogen target, the double filamentation structure rotates around the propagation axis in such way that the axis of the double filamentation distribution is quasi-symmetrical in the transverse plane from pure nitrogen cell target to pure argon one. Varying the ratio of gases while maintaining the total pressure fixed, we are able to track the evolution of the multi-filamentation from pure nitrogen to pure argon gas target. In a first step, when the nitrogen ratio is above 70%, the nitrogen still carries the filamentation dynamics and the double filamentation axis slightly change its orientation but remains close to the pure nitrogen one. One can notice the particular case of a cell filled with same amount of atoms and molecules (53%/47%) where four child-filaments are present. This particular case illustrates the transition from one set of double filaments to the other one. While passing the barrier of 50% of argon in the target, the double filament distribution changes dramatically and switch to the second set of filament present in the MF pattern in the 53%/47% case. This rotation of MF with the concentration of the target is reproducible shot to shot and so results in a deterministic distribution observed here. The filamentation output characterisation is completed with the measurement of the output energy and spectra in each child-filamentation. For this purpose, a suitable spatial selection of the child-filament is done, according to the criteria of having stable spatial mode and unchanged spectrum in the whole selection. In the multi-filamentation experiment, the measurements shown were taken for the upper filament [the common one, see Fig. 1(b) ] because it is preserved along the different gas mixtures. The spectrum of this common filament of MF regime for different concentration of gases is shown in Fig. 2(b) . The transition for pure nitrogen to pure argon is also tracked in the evolution of the spectrum. The longer wavelengths tail generation disappears when decreasing the partial pressure of nitrogen, whereas the shorter wavelengths broad tail is more modulated when argon is more plentiful. The central wavelength and the energy of the common filament are shown inside the figure for the different concentrations. The energy of this filament hardly varies. However, the central wavelength calculated as the gravity centre of the spectrum experience slight blue-shift towards pure argon case, due to the absence of Raman emission for the atomic target case. 
Model and discussion
In our experiment we first checked that the rotation of the linearly polarised input pulse did not change the double filament orientation neither in argon nor in nitrogen. So any asymmetries depending on the polarisation (such as ionisation or ultra-fast molecular alignment) could not explain the change on the axis between the argon experiment and the nitrogen experiment. The experiment has been performed under same laser conditions (same pulse duration, same input laser beam profile). Our hypothesis to explain the observations consists of considering that the filamentation process begins at different propagation distances for the argon than for the nitrogen due to their different nonlinearity. As we are dealing with elliptic spatial beam profiles, the spatial profile along the propagation will change which could lead, depending on the starting point of the filamentation process for each gas, to different multi-filamentation patterns. To further understand this behaviour, we have implemented numerical simulations of the multifilamentation nonlinear propagation using a elliptical profile for the input beam. In this model, we take into account the diffraction, the instantaneous and retarded Kerr effect in the molecular case, the plasma defocusing and the multi-photon absorption. Obviously, in our experiments the Raman effect (retarded Kerr) will be only present for the molecular gas, which enlarges the nonlinear differences between both gases. Since the propagation lacks cylindrical symmetry, we have used the temporally averaged model proposed by L. Bergé, S. Skupin and co-workers, shown below, where the temporal coordinate disappears simplifying a lot the computing time [27] .
where ψ denotes the pulse envelope without the temporal dependence, which has been averaged [27] , k 0 the wave number corresponding to the central wavelength, t p the half-width pulse duration, n 2 the nonlinear refraction index, τ K accounts for the retarded Kerr effect in the molecule (Raman) which is taken obviously to 0 for the atom case, T the temporal length of the main structure that emerges from the pulse propagation through the filament (here we assume the same duration t p /2, assuming that the final pulse keeps the same order of magnitude meaning some fraction of the input pulse duration t p ),
the coefficient associated to the plasma defocusing (which density ρ is calculated using the Drude model and critical one ρ c ), K is the number of photons involved in the multiphoton ionisation process and σ K the related coeffi-
the coefficient associated to the multiphoton absorption. The parameter x DK is taken equal to 0 for the atom where the nonlinearity is then purely electronic and 0.5 for the molecule where the Raman emission is then accounted through D(t p ) (for all others parameters see caption Fig. 3) . We have studied the propagation of the beam for argon and nitrogen using the same elliptical input beam. The parameters used coincide with the experimental conditions (3 mm FWHM diameter, 800 nm central wavelength and t p = 34 f s FWHM duration, focused by 1.5 m focal length lens in 1 atm pressure of gas, spatial distribution calculated after z = 2m propagation). The input energy used for the calculation (2.5 mJ in argon and in nitrogen), is chosen the same in both cases to lead to multiple filamentation regime. In Fig. 3 , these conditions lead to two child-filaments in argon and quasi four in nitrogen due to different Kerr effect contribution. However, the multi-filamentation distribution exhibits a clear dependence with the gas species used: the two child-filaments visible in the argon target appear as four child-filaments in nitrogen with two main ones oriented at 90 • of the orientation of the argon child-filaments.
By looking at the distribution of the child-filaments over the propagation axis (scenario described in Media 1) , we notice indeed that in the argon case the MF formation appears before the geometrical focus. The model shows in this case that almost five small filaments are generated in that early stage of the nonlinear propagation region. Further away the central filament disappears, and when reaching the end of the tube, after two meters of propagation [see Fig. 3(a) ], two of the four filaments keeps almost all the energy, being these aligned parallel to the elliptical spatial distribution of the beam at the focus when it is propagated linearly. In the case of nitrogen, a different behaviour is observed: the MF formation occurs around the geometrical focus, where three filaments are generated, aligned perpendicular to the linear spatial distribution of the beam at the focus. After the propagation along the two meters cell the central filament disappears giving all its energy to the other two, which are the two filaments observed at the end of the cell [see Fig. 3(b) ].
This model affords qualitatively the experimental observation and suggests that the double filament control originates from the different nonlinear propagation in the two gases used. Off course, a complete study accounting "real" gases mixture could help identifying within the nonlinearity which contribution (electronic, Raman or both) is related to our observation. However, it is clear here that mixture of two gases with different n 2 provides a "synthesised nonlinearity" which leads to a control of the MF. This synthesised nonlinearity provides also new type of medium with adaptive nonlinear response, which will be of great interest to study moreover.
Conclusion
In this work, we have studied for the first time to our knowledge the implication of gas mixture with equivalent ionisation level to control deterministic multi-filamentation formation. We demonstrate this control on double femtosecond filamentation spatial distribution providing a new method for the control of deterministic MF. Our simulation shows the implication of the synthesised nonlinearity in the control process and suggest that only a difference of nonlinear propagation between the two gases used, is necessary to induce such control. The synthesised nonlinearity obtained is not only of great interest for the multi-filamentation control but it also provides new types of medium with new nonlinearities that cannot be obtained in pure medium. The measurement of supercontinuum from pulses propagating through each child-filaments offers the possibility to use this new degree of freedom for providing source of few-cycle pulses spatially distributed, useful for sources characterisation from IR to XUV [19] [20] [21] [22] and secondary sources for high-order harmonic generation [23, 24] .
